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scCO" Supercritical CO"$
scH"O  Supercritical water 
TM  Technology metals 
TRL  Technology readiness level 
WFD  Waste Framework Directive 
WEEE  Waste Electrical and Electronic Equipment 
XRF  X-Ray Fluorescence spectroscopy 
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Ag  Silver 
Au  Gold 
Be  Beryllium 
Bi  Bismuth 
Ce  Cerium 
Co  Cobalt 
Cr  Chromium 
Dy  Dysprosium 
Er  Erbium 
Eu  Europium 
Ga  Gallium 
Gd  Gadolinium 
Ge  Germanium 
Hf  Hafnium 
Ho  Holmium 
In  Indium 
Ir  Iridium 
La  Lanthanum 
Lu  Lutetium 
Mg  Magnesium 
Nb  Niobium 
Nd  Neodymium 
Ni  Nickel 
Os  Osmium 
Pd  Palladium 
Pm  Promethium 
Pr  Praseodymium 
Pt  Platinum 
Rh  Rhodium 
Ru  Ruthenium 
Sb  Antimony 
Sc  Scandium 
Sm  Samarium 
Sn  Tin 
St  Strontium 
Ta  Tantalum 
Tb  Terbium 
Tm  Thulium 
V  Vanadium 
Yb  Ytterbium 
Y  Yttrium 

 

 







 

!"#$%&'&()!*&+,-+.!/!!+0&%&-)!&1!#*-!*"#&2"*)!!"#$%&'&(3"4!1&*!5"""6!!!!!7 7 !!!!!!!7 7 !7 !9:7
7

3! 4%&%0.56'7-880.9'
 
The UK economy is highly reliant upon imports of technology metals (TMs), considered ‘critical’ due to 
their high relative economic importance and high relative supply risk and demand for which is 
forecast to increase by a factor of 20 for certain materials (EC JRC, 2016). TMs are defined as any 
“rare” metal or a metal that is in demand, available, and used for the purpose of furthering 
technology and engineered systems. TMs consist of Critical Raw Material (CRM) metals, platinum 
group metals (PGMs), precious metals (PMs), nickel and tin. TMs will be used to reference these 
materials throughout the report, unless the discussion is about specific materials or groups of 
materials.   
 
Securing access to TM supply is an economic priority for governments and organisations around the 
world, particularly those that have resource hungry economies, and which rely heavily on imports due 
to lack of domestic availability.  
 
Many technology metals are essential to the functionality of modern technologies, albeit in most cases 
used in trace amounts within products. Substitution in many applications is not feasible at this time, 
so measures to mitigate supply risks are urgently required. As demand for technology metals rises, 
supply from primary sources may struggle to keep up with demand. In fact, no rapid solutions to 
issues with primary supply exist. Raw material scarcity, market price fluctuations, geopolitics and 
heightened environmental consciousness compound the importance of securing a reliable supply of 
these valuable resources for the UK economy.  
 
Future indispensable (critical) inputs of TMs are required for high-technology applications including 
electrical and electronic equipment (EEE), industrial systems (such as those which form a part of the 
fourth industrial revolution; Industry 4.0) as well as environmental technologies, including wind 
turbines, photovoltaics (PV), batteries and hybrid/electric vehicles ((H)EVs).  
 
Despite almost a decade passing since the UK government first set strategy to increase domestic CRM 
supplies through recovery from Waste Electrical and Electronic Equipment (WEEE) to mitigate 
materials criticality issues for UK industry, TM/CRM recycling rates remain low generally, and barely 
exceed 50% even for the most economically valuable elements, such as gold (Au) and platinum 
group metals (PGMs). Currently less than 1% of all rare earth metals (REMs) are recycled with the 
vast majority lost in dust generated by the pre-processing of the WEEE or lost in the slag during 
metal recovery. In the UK there is very little in the way of TM recovery from WEEE, apart from the 
pre-processing of printed circuit boards (PCBs) and limited small-scale precious metal (PM) and 
platinum group metal (PGM) recovery. 
 
WEEE is a potentially rich primary source of TMs. The Global E-waste Monitor 2020 reported UK 
WEEE generation to be ~1.6 Mt in 2019 or 23.9 kg/cap, one of the highest per capita WEEE 
generation rates in Europe and the World (Forti et al., 2020). This highlights the potential of domestic 
TM recovery from WEEE as a means to mitigate materials criticality issues for UK industry. 
Additionally, the valuable TMs contained in more than 500,000 tonnes of WEEE each year are wasted, 
as these end up in low-grade scrap processing, landfill, incineration, commercial and industrial waste, 
are stolen or are illegally exported (Material Focus, 2020a).  
 
Even though WEEE legislation has resulted in an infrastructure for collection and treatment of WEEE, 
the rate of recovery of TMs from this waste stream remains low. Previous analysis of the flows of 
CRMs contained in UK WEEE through recycling process chains concluded that no CRMs are recovered 
from WEEE in the UK owing to the lack of domestic recovery infrastructure, and high losses of CRMs 
through dissipation in pre-processing carried out within the UK. However, the means to overcome 
these barriers have begun to emerge and an opportunity now exists for the UK to establish a circular 
economy of its own for TMs, capitalising on a high per capita rate of EEE consumption and WEEE 
generation to develop secondary TM supplies for reliant domestic industries. 
 
This highlights the potential of domestic TM recovery from WEEE as a means to mitigate materials 
criticality issues for UK industry, improve environmental impacts of manufacturing, and create jobs in 
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Table 1: Total mass, value and carbon footprint of technology metals (TMs) present in PCs, laptops, tablets, TVs, 
monitors, smartphones and lighting sent for recycling in the UK in 2017. 

Element Mass (tonnes) 
Value 
(£m) 

Carbon footprint – 
GWP100a 
(tCO"e) 

OTMs    
Antimony 43.55 0.20 381.96 
Beryllium  0.02 0.01 2.37 
Cobalt  0.07 0.0002 0.79 
Gallium  0.35 0.04 53.51 
Hafnium 2.84 1.86 105.26 
Indium  6.34 1.05 836.29 
Nickel  25.29 0.29 343.99 
Niobium 0.67 0.04 24.77 
Silicon   16.17 3.05 48.52 
Tantalum 4.13 0.49 1,197.50 
Tin  291.27 4.14 3,058.30 
Titanium   0.71 0.01 22.75 
Vanadium  0.60 0.19 136.97 
23@,'.')A, LMNOPQ, QQOLRPN, STNQNOMU,

REMs    
Cerium  4.31 0.01 32.78 
Dysprosium  0.27 0.07 15.81 
Europium  2.30 0.06 907.15 
Gadolinium  0.47 0.01 22.12 
Lanthanum  9.47 0.03 156.27 
Neodymium  5.91 0.31 163.13 
Praseodymium  0.84 6.82 21.73 
Terbium  1.94 1.44 575.28 
Yttrium  24.35 0.64 367.63 
23@,'.')A, VMOUS, MOLM, NTNSQOM,

PGMs    
Palladium  0.48 28.41 6,362.91 
Platinum   0.15 3.21 10,453.47 
23@,'.')A, POSL, LQOSN, QSTUQSOLU,

PMs    
Gold  2.53 119.69 124,989.28 
Silver 11.40 6.81 6,078.50 
23@,'.')A, QLOML, QNSOW, QLQTPSROU,

E.')A,, VWSOVN, QRUOUU, QWSTLWMOPV,

 
In Table 1, OTMs refer to ‘Other Technology Metals’, REMs are ‘Rare Earth Metals’, PGMs are 
‘Platinum Group Metals’ and PMs are ‘Precious Metals’. See glossary for the materials contained within 
each of these groups. 
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As is demonstrated (Figure 1), over 379 tonnes of TMs, including precious metals (PMs) such as gold, 
silver and Platinum Group Metals (PGMS) including palladium, are currently lost through existing 
recycling systems or exported for treatment.  
 
The current commercially available TM recovery, extraction and recycling plants, such as those 
available from EMAK, Enviroleach and Mint Innovation, focus on the recovery of the PMs, PGMs, tin 
and copper from the WEEE (although copper was not covered within this research). 
 
The analysis of the weight and value of the PMs, PGMs and tin currently lost in shredding, lost abroad 
during recovery processes and recovered abroad annually within the products covered by this report 
together total 258.09t (11.71t of PMs, 0.52t of PGMs and 245.88t of tin) with a value of £133.86m 
(£104.19m of PMs, £26.19m of PGMs and £3.48m of tin). See section 7 for more details.   
 
Therefore, based upon a conservative recovery and recycling rate of 75% of this mass of TMs, a total 
of 204.5t of PMs, PGMs and tin, worth £100.40m, could potentially be recovered and recycled in the 
UK using currently commercially available TM recovery, extraction and recycling plants. Due to the 
energy intensive processes associated with raw material extraction for primary material, the amount 
of CO" that mining for these same TMs would emit is estimated to be ~96,499 tonnes of CO"e, 
though the CO" emitted by these advanced recovery processes themselves is not known. 
 
In order to recycle the remaining 120.81t of TMs, with a value of approximately £12.95m, that are 
lost during shredding, lost abroad and recovered abroad, additional processing of the WEEE would be 
required. Such additional processing could take the form of sequential leaching, which would enable 
more selective extraction of metals present to enable separate recovery. This process could use the 
current leaching acids, ionic liquids (ILs), deep eutectic solvents (DES) or biosorption (use of 
fungi/biological materials to extract the TMs). Biosorption in particular will be useful for extracting low 
concentrations of TMs in solution. 
 
Once the TMs are in solution, they can then be recovered using various techniques, including 
electrowinning (which involves the electrodeposition of the TMs onto a cathode for recovery), 
cementation (precipitation of the metal from solution) or ion exchange (which uses a solid polymeric 
ion exchange resin to capture the TMs from the solution). 
 
Additional value would also be recovered from the copper present in the WEEE, though again, this 
was not the focus of the research.  
 
Furthermore, a turnkey development of existing recovery plants could be extended to increase 
selectivity of an extended range materials, such as copper, aluminium and steel, as well as TMs (e.g., 
Indium, Cobalt and Gallium) recovery using hydrometallurgical processes. In the pre-sorting of the 
materials the aluminium and steel can be easily segregated using existing technology. 
 
"#?#"! C6'D>6+('227*-!0'()*+,+-7'2!
Losses in traditional recovery processes, such as pyrometallurgy (extraction and purification of metals 
via the application of heat followed by electrorefining which uses electrolysis to separate the metals) 
must be overcome with new approaches to recovery if the UK is to implement domestic infrastructure 
to increase secondary supply of technology metals from WEEE. 
 
Installation of alternative pre-processing to mechanical shredding for the separation of TM-rich 
products and components is an important part in the efficacy of TM recovery technologies.  
 
Alternative approaches to shredding for use in automated pre-processing, particularly electrohydraulic 
fragmentation (EHF) represent a high technology readiness level (TRL) alternative which avoids 
dissipation of technology metals, enabling cost-effective pre-processing, which therefore delivers 
greater quantities of technology metals in output fractions for subsequent recovery. The removal of 
solder and components from the PCBs using hydrometallurgy or thermal desoldering can also 
minimise the need for shredding and significantly reduce TM losses. Other approaches to removing 
polymeric components from WEEE components, such as supercritical water treatment, steam 
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<$#4!)-+!)1!#4+!4$.4+%#!9+0!,&9$#&!===!,)-%8(9#$)-!0&#+%!&-*!#4+0+1)0+!9+0!,&9$#&!<===!.+-+0&#$)-!
0&#+%!$-!#4+!:)0'*C!#4+!>?!4&%!%$.-$1$,&-#!9)#+-#$&'!#)!8#$'$%+!<===!&%!&!%+,)-*&02!%899'2!)1!35%!
*)(+%#$,&''2@!34+!FdQG!&'%)!$-*$,&#+*!#4&#!hi_LO!($''$)-!:)0#4!)1!.)'*!:&%!90+%+-#!$-!#4+!===!
980,4&%+*!&--8&''2!$-!#4+!>?C!&-*!#4&#!#4$%!$-1)0(&#$)-!:)8'*!1)0(!#4+!D&%$%!)1!&!(&#+0$&'!1'):!
&-&'2%$%!65KQ7!%#8*2!1)0!<===!#)!$*+-#$12!)99)0#8-$#$+%!&-*!0$%J%!1)0!D8%$-+%%!&-*!:&%#+!,)(9&-$+%!
$-!#4+!<===!%+,#)0@!
!
3&D'+!_!%4):%!#4+!(&#+0$&'%!*++(+*!$-%+,80+!)0!&#!0$%J!D2!0+,+-#!0+9)0#%@!
!
!
! !



















!

!"#$%&'&()!*&+,-+.!/!!+0&%&-)!&1!#*-!*"#&2"*)!!"#$%&'&(3"4!1&*!5"""6!!!!!7 7 !!!!!!!7 7 !7 !?;7
7

5+..$##!GaEC!k$-+#$kC!F)''%!F)2,+!6#4+!:)0'*r%!%+,)-*T'&0.+%#!(&J+0!)1!*+1+-,+!&+0)!+-.$-+%7!&-*!
>'#0&!='+,#0)-$,%$*@!!
!
I$,J+'TD&%+*!%89+0&'')2%!1)0!S+#!+-.$-+%!&''!,)-#&$-!,)D&'#C!-$)D$8(!&-*!#&-#&'8(g!&''!35%@!E)D&'#!8%+*!
$-!%89+0T&'')2%!0+90+%+-#%!YYP!)1!:)0'*!,)D&'#!,)-%8(9#$)-@!Q**$#$)-&''2C!s##0$8(C!&!F==C!$%!8%+*!&%!&!
,)&#$-.!1)0!#80D$-+!D'&*+%!#)!$-,0+&%+!#4+0(&'!0+%$%#&-,+!6G&0J+0C!YOR_7@!
!
j#4+0!8%+%!)1!35%!$-,'8*+!U+02''$8(!&-*!D+02''$8(!&'')2%C!:4$,4!&0+!8%+*!$-!/+4$,'+!'&-*$-.!.+&0!&-*!
D0&J+%!6G&0J+0C!YOR_7@!!
 
Electrical and electronic equipment (EEE) 
34+!+%#$(&#+*!#80-)/+0!)1!#4+!>?!===!$-*8%#02!:&%!iR_@]D!$-!YOR]$+@!34+!35!0+;8$0+(+-#%!1)0!#4+!
%+,#)0!$-,'8*+!&-#$()-2C!D+02''$8(C!.&''$8(C!.0&94$#+C!$-*$8(C!(&.-+%$8(!&-*!F==%@!j-+!+N&(9'+!
&99'$,&#$)-!1)0!35%!$-!#4+!>?!===!$-*8%#02!$%!$-!%+($T,)-*8,#)0!:&1+0%C!%8,4!&%!#4)%+!90)*8,+*!D2!
"k=C!:4)!&0+!D&%+*!$-!<&'+%@!"k=!$%!&!'+&*$-.!%899'$+0!)1!.&''$8(!-$#0$*+!6H&I7!+9$#&N$&'!:&1+0%!1)0!
0&*$)!10+;8+-,2!6FK7!&-*!FK!9):+0!&99'$,&#$)-%@!!
 
Photonics 
34+!(&-81&,#80$-.!)1!)9#$,&'!1$D0+%!$-!#4+!>?!:&%!:)0#4!)/+0!i^OO($!!$-!YOR]@!H+0(&-$8(C!&!35C!$%!
#4+!(&$-!,0$#$,&'!(&#+0$&'!8%+*!$-!)9#$,&'!90)*8,#%C!:4+0+!_OP!)1!$#%!90)*8,#$)-!$%!8%+*!$-!1$D0+!)9#$,%!
6G&0J+0C!YOR_7@!
 
Solar cells 
d)'&0!,+''%!0+;8$0+!#4+!8%+!)1!35%C!$-,'8*$-.!#+''80$8(C!$-*$8(!&-*!.&''$8(@!j/+0!]R@^P!)1!#4+!:)0'*!
%899'2!)1!#+''80$8(C!\^@eP!)1!$-*$8(!&-*!_@]P!)1!.&''$8(!&0+!8%+*!$-!%)'&0!,+''%@!X):+/+0C!#4+0+!&0+!
,800+-#'2!)-'2!&!1+:!(&-81&,#80$-.!)9+0&#$)-%!1)0!%)'&0!,+''%!$-!#4+!>?$"C!!D8#!#4$%!(&2!.0):!:$#4!#4+!
>?!*+/+')9(+-#!$-!jN1)0*!6jN1)0*!Gl7C!8#$'$%$-.!9+0)/%J$#+T%$'$,)-!%)'&0!,+''%#%!:4$,4!,)-#&$-!#4+!35!
#$#&-$8(@!34+!,+''%!4&/+!&,4$+/+*!&!,+0#$1$+*!YeP!,)-/+0%$)-!+11$,$+-,2C!:4$,4!$%!4$.4+0!#4&-!()%#!
)#4+0!1)0(%!)1!#&-*+(!9&-+'%@!
!
!

-! ./0$/,#'1,2/1,%13,21$/*(4(&3,512#46,7896:;,
!
Q%!-)#+*C!35%!4&/+!0+(&$-+*!#4+!,)0+!)1!#4+!=>!EF5!'$%#!#40)8.4!#:)!0+/$%$)-%C!:$#4!+N9&-%$)-%!)1!
#4+!0&-.+!)1!(&#+0$&'%!+/&'8&#+*!6=EC!YOROC!YOR\DC!YORZ7C!&-*!&0+!,)-%$%#+-#'2!1)8-*!,0$#$,&'!D2!)#4+0!
&%%+%%(+-#%!6c$-C!?$(!&-*!H8$''&8(+C!YOR^g!K0+-b+'!+#!&'@C!YORZg!X&2+%!&-*!5,E8'')8.4C!YORe7@!"-!
&**$#$)-!#)!#4+%+!(&#+0$&'%!D+$-.!*++(+*!,0$#$,&'!D2!#4+!=>C!#4+!%#0&#+.$,!$(9)0#&-,+!)1!%+,80$-.!#4+!
%899'2!)1!#4+!V90+,$)8%!(+#&'%W!6G5%7C!H)'*!6Q87!&-*!d$'/+0!6Q.7C!6/$#&'!+'+(+-#%!8%+*!$-!+'+,#0)-$,%7!
4&%!D++-!:+''T+N9')0+*C!:$#4!G5%!1)8-*!#)!D+!,0$#$,&'!D2!-8(+0)8%!%#&J+4)'*+0%C!$-,'8*$-.!#4+!>?!
H)/+0-(+-#@!a$#4$8(!6a$7!*+(&-*C!&%!&!/$#&'!,)(9)-+-#!)1!a$#4$8(T")-!U&##+0$+%!6a"U%7C!0+;8$0+*!1)0!
,)-%8(+0!+'+,#0)-$,%!&-*!.0++-!#+,4-)').$+%!1)0!,'$(&#+!,4&-.+!($#$.&#$)-!%8,4!&%!42D0$*!&-*!+'+,#0$,!
/+4$,'+%!66X7=l%7!&-*!0+-+:&D'+!+-+0.2!%2%#+(%C!$%!&'%)!0$%$-.C!:$#4!.0+&#!0$%J%!#)!90$(&02!a$!%899'2!
&-#$,$9&#+*!*8+!#)!%)&0$-.!.')D&'!*+(&-*@!Q'#4)8.4!-)#!&''!#+,4-)').2!(+#&'%!&0+!*++(+*!,0$#$,&'!
:$#4$-!#4+!,)-#+N#!)1!#4+!=>!&%%+%%(+-#C!($#$.&#$)-!)1!.')D&'!0+%)80,+!%+,80$#2!$%%8+%!1)0!&''!#4+%+!
(+#&'%!$%!*++(+*!#)!D+!$(9)0#&-#@!
!
34$%!0+9)0#!90)/$*+%!*+#&$'%!)-!#4+!/&0$)8%!(&#+0$&'%!*++(+*!$-%+,80+!)0!&#!0$%J!D2!0+,+-#!0+9)0#%!&-*!
#4)%+!#4&#!,&-!D+!,'&%%$1$+*!&%!#+,4-)').2!(+#&'%!635%!)0!%9+,$&'$#2!(+#&'%7!*+1$-+*!&%!&-2!A0&0+B!
(+#&'!)0!&!(+#&'!#4&#!$%!$-!*+(&-*C!&/&$'&D'+C!&-*!8%+*!1)0!#4+!9809)%+!)1!180#4+0$-.!#+,4-)').2!&-*!
+-.$-++0+*!%2%#+(%C!$@+@C!#4)%+!:4$,4!$(9&0#!%9+,$&'!18-,#$)-&'$#2@!Q!18''!'$%#!)1!#4+%+!(&#+0$&'%C!D0)J+-!

!
!&$"))8-M]]HHHI(7**-G(7'@#I@7+]%<74)I%-8N$
!'$"))8-M]]HHHI-)%)3-)%I@7+]-)4:'][QRTQ]+%,4F%@)4(3,9G#*#@)(3@%*G#Z438+#,)G3,G)"#G4U]$
!($"))8-M]]HHHI3<3-H7(*:I@7+]4,3)#:GU3,9:7+]+%(U#)G(#-#%(@"G(#87()-]F3<(#G78)3@G@%<*#G+%,4F%@)4(3,9G3,:4-)(']$
!)$"))8-M]]HHHI#N#7#,#(9'I@7I4U]-7*%(G8%,#*-]-7*%(G8%,#*-G4U]$
#%$"))8-M]]HHHI7NF7(:8&I@7+]8#(7&-U3)#G8&G)(%,-F7(+G9*7<%*G-7*%(G+%(U#)$
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(&S)0$#2!)1!#4+%+!&0+!90+%+-#!$-!#0&,+!&()8-#%!:$#4$-!$-*$/$*8&'!%801&,+!()8-#!*+/$,+%!6d5M%7C!
,)(9)-+-#%!D8#!&0+!&'%)!*$%9+0%+*!#40)8.4)8#!#4+!+-#$0+!GEU!6K$.80+!R_!&-*!3&D'+!^7@!!
!
34+!4$%#)0$,!/&'8+!)1!.)'*!$-!0+'&#$)-%4$9!#)!)#4+0!(&#+0$&'%!$-!<===!$%!%4):-!D+'):!6K$.80+!RL7@!
Q'#4)8.4!#4$%!D0+&J*):-!$%!-):!)/+0!YO!2+&0%!)'*C!.)'*C!9&''&*$8(C!,)99+0C!%$'/+0!&-*!#$-!&0+!%#$''!
'$J+'2!#)!90)/$*+!#4+!4$.4+%#!0+/+-8+%!10)(!0+,2,'$-.!GEU%!&#!90+%+-#@!!
!

"#$%&'!SD)!V#+-.&#2!&'8'3%'!H&'6A9.@3!H7!16-'&#6,!/&.1!','2-&#26,!@6+-'!BO.90#!639!*'#1'&C!D>>SEF!

!

!

"#$%&'!S=)!5.,.%&!2.9'9!5*I!9#+-&#H%-#.3!#3!Gf!16#3!N5L!B506&,'+C!Q.%$,6+C!Q.@,#3$!639!Q68#'+C!D>D>EF!

!
!
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-+N#!.+-+0&#$)-!0+,2,'$-.!%#0&#+.$+%!#)!+-&D'+!&!,$0,8'&0!+,)-)(2!1)0!35%!#40)8.4!+11$,$+-#!0+,)/+02!
10)(!<===!#)!,0+&#+!/$&D'+!%+,)-*&02!0+%)80,+%!1)0!>?!$-*8%#02@!!
!
!
34+!0+9)0#!*+#&$'%t!

•! 5&#+0$&'!1'):!&-&'2%$%!65KQ7!#)!;8&-#$12!#4+!%,&'+!)1!#4+!)99)0#8-$#2!1)0!#4+!>?!:4$,4!*+#&$'%!
#4+!(&%%+%!6#)--+%7C!/&'8+!6i7!&-*!+(D)*$+*!+-/$0)-(+-#&'!$(9&,#%!6,&0D)-!*$)N$*+!
+;8$/&'+-#!T!Ej#+7!)1!35%!,)-#&$-+*!$-!>?!<===C!#4)%+!')%#!6+@.@C!#)!%40+**$-.!*8%#7!:$#4$-!
#4+!,800+-#!<===!0+,2,'$-.!90),+%%!,4&$-!&-*!#4)%+!:4$,4!&0+!8'#$(&#+'2!0+,)/+0+*!)0!
0+#&$-+*!#40)8.4!90)*8,#!0+8%+!6#4+!)99)0#8-$#27g!

•! j/+0/$+:!)1!+(+0.$-.!<===!0+,2,'$-.!#+,4-)').$+%!&-*!#4+$0!&99'$,&#$)-!1)0!EF5!0+,)/+02!
6#4+!(+&-%7g!

•! E800+-#!%#&#+!)1!#4+!&0#!35!0+,)/+02!#+,4-)').$+%C!9$')#!9'&-#%!&-*!90)90$+#&02!%)'8#$)-%!6#4+!
(+&-%7g!!

•! 3+,4-)').2!0+&*$-+%%!'+/+'!63Fa7!)1!#4+!*$11+0+-#!*+/+')9$-.!#+,4-)').$+%g!
•! E)((+-#&02!)-!#4+!'$J+'2!,&9$#&'!+N9+-*$#80+!6EQG=u7!&-*!)9+0&#$)-&'!+N9+-*$#80+!6jG=u7!

,4&0&,#+0$%#$,%g!&-*!
•! 34+!'$J+'2!+-/$0)-(+-#&'!$(9'$,&#$)-%!)1!(&#+0$&'%!0+,)/+0+*!10)(!#4+!+N&($-+*!90),+%%+%@!

!
G6H,'!X)!N&.9%2-+!639!A-!+'3-!/.&!&'272,#3$!#3!D>SX!BI6-'&#6,!".2%+C!D>D>6EF!

!"#$%&'( )***(&+',-#".( /01#'#22,3(4/'5(
&#11,&',$(6#"(",&.&102-((

M+%J#)9!GE%!
_@!"3!p!3+'+,)(%!
!

__@L]R!
a&9#)9!,)(98#+0!p!#&D'+#%! _@ZR_!
5)D$'+!94)-+%! R@O_L!
Sub total  38.339 
EF3!()-$#)0%!

RR@!M$%9'&2!
+;8$9(+-#!!
!!

]@^RY!
K'&#!%,0++-!()-$#)0%! L@LeO!
EF3!3l%! \\@\_Z!
K'&#!%,0++-!3l%! R]@]LR!
Sub total  79.58 
E)(9&,#!1'8)0+%,+-#!#8D+%! R_@!H&%!M$%,4&0.+!

a&(9%!&-*!a=M!
a$.4#!d)80,+%!

R@e^Y!
d#0&$.4#!#8D+!'&(9%! Y@LLY!
a=M!'&(9%! R@L^e!
Sub total  5.982 
Total ! 123.901 

!
34+!0&#$)-&'+!1)0!#4+!1),8%!)-!#4+%+!<===!,&#+.)0$+%!$-,'8*+%t!

•! 34+%+!,&#+.)0$+%!,)-#&$-!4$.4!,)-,+-#0&#$)-%!)1!G5%C!GH5%C!F=5%!&-*!&#!'+&%#!R_!)#4+0!35%g!
•! 34+0+!$%!&!4$.4!'+/+'!)1!,)-1$*+-,+!$-!#4+!35C!G5C!GH5!&-*!F=5!,)-#+-#!$-!#4+%+!*+/$,+%C!

:$#4!4$.4!;8&'$#2!,)(9)%$#$)-&'!*&#&!&/&$'&D'+g!
•! M$%9'&2!+;8$9(+-#!$%!#4+!#4$0*!4$.4+%#!D2!:+$.4#!<===!,&#+.)02C!,)''+,#+*!#40)8.4!#4+!)11$,$&'!

%2%#+(g!
•! V"3!&-*!#+'+,)(%W!$%!#4+!1)80#4!4$.4+%#!<===!,&#+.)02!D2!:+$.4#C!,)''+,#+*!#40)8.4!#4+!

)11$,$&'!%2%#+(g!
•! G5%!&-*!GH5%!&0+!,)-,+-#0&#+*!$-!#4+!(+*$8(!)0!4$.4T.0&*+!GEU%!)1!#4+%+!90)*8,#%!&-*!&0+!

#4+0+1)0+!()0+!&##0&,#$/+!1)0!0+,)/+02!*8+!#)!#4+!4$.4!(&0J+#!90$,+!)1!#4+%+!(&#+0$&'%!+@.@C!
H)'*!6Q>7g!

•! 34+!(&S)0$#2!)1!F=5%!&0+!,)-#&$-+*!$-!'$.4#$-.!&-*!4&0*!*$%J!*0$/+%!6XMM7g!!
•! H&%!*$%,4&0.+!'&(9%!&-*!a=M!'$.4#!%)80,+%!,)-#&$-!89!#)!Z!*$11+0+-#!F=5%g!&-*!
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=! 1:,*+%6%,:(/89(%*(93,&%6%&(>???(
34+!#)#&'!(&%%!6#)--+%7C!/&'8+!6i($''$)-%7!&-*!,&0D)-!1))#90$-#!+;8$/&'+-#!6#)--+%!Ej#+7!)1!
#+,4-)').2!(+#&'%!635%7!90+%+-#!$-!GE%C!'&9#)9%C!#&D'+#%C!3l%C!()-$#)0%C!%(&0#!94)-+%!&-*!'$.4#$-.!
%+-#!1)0!0+,2,'$-.!$-!#4+!>?!$-!YORZ!$%!%4):-!D+'):!63&D'+!e7@!

G6H,'!Z)!G.-6,!16++C!86,%'!639!26&H.3!/..-:&#3-!./!-'203.,.$7!1'-6,+!BGI+E!:&'+'3-!#3!N5+C!,6:-.:+C!-6H,'-+C!Gf+C!
1.3#-.&+C!+16&-:0.3'+!639!,#$0-#3$!+'3-!/.&!&'272,#3$!#3!-0'!<h!#3!D>SXF!

4,'1'3-! I6++!B-.33'+E!
f6,%'!
Bi1E!

56&H.3!/..-:&#3-!J!
TjNS>>6!
B-5d$'E!

dGI+! ! ! !
P3-#1.37! _=F``! >FD>! =ZSFY(!
L'&7,,#%1!! >F>D! >F>S! DF=X!
5.H6,-!! >F>X! >F>>>D! >FXY!
T6,,#%1!! >F=`! >F>_! `=F`S!
V6/3#%1! DFZ_! SFZ(! S>`FD(!
R39#%1!! (F=_! SF>`! Z=(FDY!
K#2A',!! D`FDY! >FDY! =_=FYY!
K#.H#%1! >F(X! >F>_! D_FXX!
O#,#2.3!!! S(FSX! =F>`! _ZF`D!
G63-6,%1! _FS=! >F_Y! SCSYXF`>!
G#3!! DYSFDX! _FS_! =C>`ZF=>!
G#-63#%1!!! >FXS! >F>S! DDFX`!
f6369#%1!! >F(>! >FSY! S=(FYX!
*8+(#&#./( OPGQLK( KKQONLG( JHGKGQPI(

*4I+! ! ! !
5'&#%1!! _F=S! >F>S! =DFXZ!
Q7+:&.+#%1!! >FDX! >F>X! S`FZS!
4%&.:#%1!! DF=>! >F>(! Y>XFS`!
T69.,#3#%1!! >F_X! >F>S! DDFSD!
W63-063%1!! YF_X! >F>=! S`(FDX!
K'.971#%1!! `FYS! >F=S! S(=FS=!
N&6+'.971#%1!! >FZ_! (FZD! DSFX=!
G'&H#%1!! SFY_! SF__! `X`FDZ!
k--&#%1!! D_F=`! >F(_! =(XF(=!
*8+(#&#./( RPQIJ( PQOP( GHGJKQP(

NTI+! ! ! !
N6,,69#%1!! >F_Z! DZF_S! (C=(DFYS!
N,6-#3%1!!! >FS`! =FDS! S>C_`=F_X!
*8+(#&#./( LQJO( OKQJG( KJHIKJQOI(

NI+! ! ! !
T.,9!! DF`=! SSYF(Y! SD_CYZYFDZ!
O#,8'&! SSF_>! (FZS! (C>XZF`>!
*8+(#&#./( KOQPO( KGJQS( KOKHLJNQI(

?&#./(( RSJQRG( KNIQII( KSJHOSPQLR(
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The total weight, value and carbon footprint of the technology metals present in PCs, laptops, mobile 
phones, tablets, TVs, monitors and lighting sent for recycling in the UK in 2017 is shown in Table 12. 
This is based upon data presented in the ‘Electrical Waste – challenges and opportunities’, Material 
Focus report, 2020 and were calculated using the stated methodology. 

Table 12: Total mass, value and carbon footprint of technology metals present in PCs, laptops, tablets, TVs, 
monitors, mobile phones and lighting sent for recycling in the UK in 2017. 

Element 
Mass 

(tonnes) 

Value 

(£m) 

Carbon footprint – GWP100a 

(tCO2e) 

OTMs    

Antimony 43.55 0.20 381.96 

Beryllium  0.02 0.01 2.37 

Cobalt  0.07 0.0002 0.79 

Gallium  0.35 0.04 53.51 

Hafnium 2.84 1.86 105.26 

Indium  6.34 1.05 836.29 

Nickel  25.29 0.29 343.99 

Niobium 0.67 0.04 24.77 

Silicon   16.17 3.05 48.52 

Tantalum 4.13 0.49 1,197.50 

Tin  291.27 4.14 3,058.30 

Titanium   0.71 0.01 22.75 

Vanadium  0.60 0.19 136.97 

!"#$%&%'($ )*+,-.$ ..,)/-+$ 01+.+,*2$
REMs    

Cerium  4.31 0.01 32.78 

Dysprosium  0.27 0.07 15.81 

Europium  2.30 0.06 907.15 

Gadolinium  0.47 0.01 22.12 

Lanthanum  9.47 0.03 156.27 

Neodymium  5.91 0.31 163.13 

Praseodymium  0.84 6.82 21.73 

Terbium  1.94 1.44 575.28 

Yttrium  24.35 0.64 367.63 

!"#$%&%'($ 3*,20$ *,)*$ +1+0.,*$
PGMs    

Palladium  0.48 28.41 6,362.91 

Platinum   0.15 3.21 10,453.47 

!"#$%&%'($ -,0)$ ).,0+$ .012.0,)2$
PMs    

Gold  2.53 119.69 124,989.28 

Silver 11.40 6.81 6,078.50 

!"#$%&%'($ .),*)$ .+0,4$ .)1.-0/,2$
5&%'($$ 340,3+$ ./2,22$ .401)4*,-3$

 

























!
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!

<*$[2*(6$--+30!+-!61**$3',/!6(3416'$4!5+&!)&31&,!4+-&--$).,/=!+3!;#+6#!PAAA!+'$)-!&*$!4+-&--$).,$4!
./!(2$*&'(*-!+3'(!6()2(3$3'-!%(*!%1*'#$*!4(;3-'*$&)!2*(6$--+30=!(*!5+&!&1'()&'$4!-/-'$)-E!W1$!'(!
#+0#!,&.(1*!+3'$3-+'/=!)&31&,!4+-&--$).,/!+-!6(-',/!+3!'#$!YZ=!&34!-(!(3,/!PAAA!;#+6#!#&-!-1%%+6+$3',/!
#+0#!*$6(5$*&.,$!$6(3()+6!5&,1$!74$'$*)+3$4!2*+)&*+,/!./!<?!6(3'$3':=!&34!'#&'!6&3!.$!4+-&--$).,$4!
+3!&!-1%%+6+$3',/!-#(*'!2$*+(4!(%!'+)$!74$'$*)+3$4!./!2*(416'!4$-+03!&34!6&2&.+,+'/!(%!'#$!*$6/6,+30!,+3$!
;(*D$*:!6&3!.$!$6(3()+6&,,/!2*(6$--$4!'#+-!;&/E!"#$!&45&3'&0$!(%!)&31&,!2*$[2*(6$--+30!+-!'#&'!&,,!
"?-!2*$-$3'!+3!'#$!PAAA!&*$!*$'&+3$4!+3!(1'21'!%*&6'+(3-!%(*!*$6(5$*/E!V(;$5$*=!41$!'(!'#$!#+0#!6(-'=!
61'[(%%[0*&4$-!789B-!+E$E=!'#$!)+3+)1)!0*&4$!(%!PAAA!'#&'!6&3!.$!5+&.,/!2*(6$--$4:!%(*!)&31&,!2*$[
2*(6$--+30!&*$!#+0#!&34!'#(-$!+'$)-!;#+6#!%&,,!.$,(;!89B!&*$!4+5$*'$4!'(!&1'()&'$4!2*$[2*(6$--+30E!
!
"#$-$!2*(6$--$-!*$]1+*$!+3+'+&,!6())+31'+(3!(%!PAAA!+3!;#+6#!4$5+6$-!&*$!-#*$44$4!&34!(1'21'-!(%!
'#+-!2*(6$--!&*$!-1.X$6'$4!'(!&1'()&'$4!)&'$*+&,-!-$2&*&'+(3!.&-$4!(3!2#/-+([)$6#&3+6&,!2*(2$*'+$-!
'(!*$6(5$*!.1,D!)&'$*+&,!%*&6'+(3-!+E$E=!%$**(1-!)$'&,-=!6(22$*=!&,1)+3+1)=!2,&-'+6-=!0,&--!$'6E!W1*+30!
-#*$44+30=!"?-!2*$-$3'!&*$!4+-2$*-$4!&-!%+3$!2&*'+6,$-!'#*(10#(1'!.1,D!)&'$*+&,!%*&6'+(3-!;#+6#!
&4#$*$!'(!-1*%&6$-!(%!,&*0$*!2&*'+6,$-E!"?-!&*$!'#$3!2$*)&3$3',/!,(-'!'#*(10#!13+3'$34$4!6([
-$2&*&'+(3!;#$3!.1,D!)&'$*+&,!%*&6'+(3-!&*$!-$2&*&'$4!&34!4+*$6'$4!(3'(!*$6(5$*/!2*(6$--$-!;#+6#!4(!
3('!'&*0$'!'#$-$!"?-!%(*!*$6(5$*/E!Q3!'#$!,(30!'$*)=!'#+-!2*(.,$)!)&/!.$!'&6D,$4!./!2*(416'!$6([
4$-+03!'(!%&6+,+'&'$!*&2+4!2*(416'!4+-&--$).,/!&'!$34!(%!,+%$!7A(,:E!V(;$5$*=!+3!'#$!-#(*'!'$*)=!
)$&-1*$-!&*$!*$]1+*$4!'(!-'$)!'#$-$!(30(+30!,(--$-!%*()!PAAA!'#&'!$_+-'-!'(4&/E!S,'$*3&'+5$!6(-'[
$%%$6'+5$!)$&3-!(%!6())+31'+(3!&34!2*(416'!4+-&--$).,/!)$&3-!&*$!1*0$3',/!*$]1+*$4!+3!(*4$*!'(!
-'$)!'#$-$!(30(+30!,(--$-!(%!"?-!%*()!(1*!$6(3()/E!
!
8.1! The nature of TM losses during materials recovery 
!
^(--$-!+3!'*&4+'+(3&,!*$6(5$*/!2*(6$--$-=!&,'#(10#!(661**+30!(5$*-$&-!'(4&/=!)1-'!.$!6(3-+4$*$4!&34!
(5$*6()$!;+'#!3$;!&22*(&6#$-!'(!*$6(5$*/!+%!'#$!YZ!+-!'(!+)2,$)$3'!4()$-'+6!+3%*&-'*16'1*$!'(!
+36*$&-$!-$6(34&*/!-122,/!(%!'$6#3(,(0/!)$'&,-!%*()!PAAAE!B$3$*&,,/=!-()$!&)(13'!(%!%1*'#$*!2*$[
2*(6$--+30!)&/!.$!3$6$--&*/!.$%(*$!%1*'#$*!'*$&')$3'!'(!$_'*&6'!'&*0$'!)&'$*+&,-!%(,,(;$4!./!
*$6(5$*/!&34!*$%+3+30E!Q--1$-!(%!2*$[2*(6$--+30!5+&!6())+31'+(3!#&5$!.$$3!4+-61--$4!&.(5$!&34!&*$!
$]1&,,/!&22,+6&.,$!'(!'#$!2*(6$--$-!$)2,(/$4!+3!*$6(5$*/!2,&3'-E!"#$!4+-61--+(3!+3!'#+-!-$6'+(3!
%(61--$-!(3!'$6#3+6&,!,+)+'&'+(3-!(%!$_'*&6'+(3!&34!*$6(5$*/E!!
!
@$6(5$*/!(%!'$6#3(,(0/!)$'&,-!%*()!2*$[2*(6$--+30!(1'21'!-'*$&)-!+-!6(3416'$4!2*$4()+3&3',/!%*()!
2*+3'$4!6+*61+'!.(&*4-!7<8T-=!5+'&,!6()2(3$3'-!(%!&,)(-'!&,,!PAAA:!+3!,&*0$!-6&,$!)$'&,!*$%+3$*+$-!
7$E0E=!-)$,'$*-!-16#!&-!Y)+6(*$!+3!'#$!AY=!?+'-1.+-#+!)$'&,-!+3!S-+&=!B,$36(*$!+3!U(*'#!S)$*+6&:!1-+30!
&!6().+3&'+(3!(%!-2$6+&,+-'!2/*()$'&,,1*0+6&,!$_'*&6'+(3!&34!#/4*()$'&,,1*0+6&,!2*(6$--$-!%(*!
*$%+3$)$3'E!!
!
C)$,'+30!+-!'#$!2*+)&*/!&22*(&6#!'(!<8T!'*$&')$3'!0,(.&,,/!41$!'(!'#$!#+0#!*$6(5$*/!$%%+6+$36+$-!
&%%(*4$4!%(*!#+0#!5&,1$!'&*0$'!)$'&,-!+E$E=!<?-=!<B?-!&34!6(22$*=!&34!'#$!-1+'&.,/!,(;!6(-'!(%!
*$6(5$*/!&'!,&*0$!-6&,$!&%%(*4$4!./!+3'$0*&'$4!-)$,'+30!2,&3'-E!C)$,'+30!(%!+'$)-!-16#!&-!<8T-!
$3&.,$-!6(,,$6'+(3!(%!<?[*+6#!6(22$*!.1,,+(3!%(*!%1*'#$*!*$%+3$)$3'E!S-!6(22$*!+3!.(&*4-!)$,'-=!+'!
,$&6#$-!('#$*!)$'&,-!%*()!'#$!%$$4=!6&**/+30!'#$)!'(!'#$!.(''()!(%!'#$!%1*3&6$!;#$*$!2*$6+(1-!)$'&,!
&34!<B?[*+6#!6(22$*!.1,,+(3!+-!2*(416$4!%(*!%1*'#$*!*$%+3$)$3'!+3'(!+34+5+41&,!$,$)$3'-E!"#$!5&-'!
)&X(*+'/!(%!"?-!-$0*$0&'$!+3'(!'#$!-,&0!2#&-$!41*+30!-)$,'+30=!%*()!;#+6#!'#$*)(4/3&)+6!&34!
$6(3()+6!.&**+$*-!'(!'#$+*!*$6(5$*/!*$-1,'!+3!2$*)&3$3'!,(--E!S-!-16#=!'#$*$!+-!3(!(22(*'13+'/!'(!
*$6(5$*!'#$-$!)&'$*+&,-!%*()!(1'21'-!(%!'#+-!$_'*&6'+5$!-)$,'+30!2*(6$--!(;+30!'(!'#$!;&/!'#$-$!
$,$)$3'-!4+-'*+.1'$!.$';$$3!)(,'$3!-,&0!&34!)$'&,!2#&-$-!41*+30!'#$!'*$&')$3'E!?$'#(4-!'(!2*$5$3'!
'#$-$!,(--$-!$+'#$*!'#*(10#!&4(2'+(3!(%!+)2*(5$4!2*$[2*(6$--+30!&34!-$0*$0&'+(3!(%!3(3["?!.$&*+30!
&34!"?!.$&*+30!6()2(3$3'-=!;+,,!.$!$--$3'+&,!'(!$3-1*$!PAAA!+3!'#$!YZ!.$6()$-!&!5+&.,$!4()$-'+6!
-$6(34&*/!"?!-(1*6$!%(*!'#$!.$3$%+'!(%!+341-'*/=!'#$!$35+*(3)$3'!&34!(1*!-(6+$'/E!!
!
S3('#$*!+--1$!(%!-)$,'+30!+-!'#&'!+'!+-!(3,/!5+&.,$!&'!,&*0$!-6&,$=!;+'#!%$;!2,&3'-!&*(134!'#$!;(*,4!
6(3-1)+30!'#$!5&-'!)&X(*+'/!(%!;&-'$!<8T-!0$3$*&'$4!0,(.&,,/E!"#1-=!-)$,'+30!&-!&!4()$-'+6!-(,1'+(3!
%(*!&!-+30,$!3&'+(3=!$5$3!(3$!;+'#!-16#!&!#+0#!2$*!6&2+'&!PAAA!0$3$*&'+(3!&-!'#$!YZ=!)&/!3('!.$!
5+&.,$E!Q3!&44+'+(3=!'#$!#+0#!$3$*0/!6(3-1)2'+(3!&34!$)+--+(3-!2*(416$4!./!'#$-$!2*(6$--$-!)&D$!
'#$)!&!,$--!&''*&6'+5$!(2'+(3!+3!,+0#'!(%!'#$!0,(.&,!$35+*(3)$3'&,!6*+-+-E!



!
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!

!
W1$!'(!'#$!,(;!$6(3()+6!5&,1$!(%!'#$!'*&6$!&)(13'-!(%!"?-!2*$-$3'!+3!)&3/!4$5+6$-!$E0E=!+34+1)!
1-$4!+3!%,&'!-6*$$3-=!&,'$*3&'+5$!)$&3-!'(!2/*()$'&,,1*0/!%(*!*$6(5$*/=!-16#!&-!#/4*()$'&,,1*0+6&,!
2*(6$--$-!;#+6#!1-$!6#$)+6&,!4+--(,1'+(3!'(!$_'*&6'!)&'$*+&,-!%(*!-1.-$]1$3'!*$6(5$*/=!&,-(!%&6$!
$6(3()+6!.&**+$*-!'(!+)2,$)$3'&'+(3E!S,'#(10#!2('$3'+&,,/!5+&.,$!&'!-)&,,$*!-6&,$=!&34!-1+'&.,$!%(*!
4$6$3'*&,+-$4!,(6&,!*$6(5$*/!(%!"?-!%*()!PAAA!;#+,$!6(3-1)+30!,$--!$3$*0/!&34!0$3$*&'+30!%$;$*!
$)+--+(3-=!$%%+6+$3'!2*(6$--+30!+-!3$6$--&*/!'(!*$416$!6(-'-!'(!'#$!$_'$3'!'#&'!*$6(5$*/!)&/!.$!5+&.,$E!
!
"#$!%(,,(;+30!6#&*'!7`+01*$!NN:!-#(;-!'#$!%&'$!(%!'$6#3(,(0/!)$'&,-!+3!PAAA!'#*(10#(1'!'#$!*$6/6,+30!
2*(6$--!6#&+3!;+'#!*$6())$34$4!-'*&'$0+$-!'(!&5(+4!,(--$-!&34!$3#&36$!*$6(5$*/!*&'$-E









!
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!

?@!*(&,8(*0>!!?+$%!:,1'5!=')&(!#+(!34!$-!)!%#*,-/!=,%$#$,-!#,!$-&*()%(!8)'1(!5(*$8(5!2*,.!;<<<!)-5!
%(&1*(!/*()#(*!B1)-#$#$(%!,2!?@DA()*$-/!;<<<!)-5!;<<<D5(*$8(5!.)#(*$)'%!2*,.!,8(*%()%>!!?+$%!
:,1'5!$-&*()%(!#+(!34Z%!)&&(%%!#,!?@%6!5(%=$#(!2$(*&(!&,.=(#$#$,-!2*,.!(%#)A'$%+(5!*(D=*,&(%%,*%>!

9.1! Pre-processing 
!
F'#(*-)#$8(!)==*,)&+(%!#,!.(&+)-$&)'!%+*(55$-/!2,*!1%(!$-!)1#,.)#(5!=*(D=*,&(%%$-/6!=)*#$&1')*'0!
('(&#*,+05*)1'$&!2*)/.(-#)#$,-!I<\TN6!*(=*(%(-#!)!+$/+!#(&+-,',/0!*()5$-(%%!'(8('!I?JKN!)'#(*-)#$8(!
:+$&+!)8,$5%!5$%%$=)#$,-!,2!#(&+-,',/0!.(#)'%6!(-)A'$-/!&,%#D(22(&#$8(!=*(D=*,&(%%$-/!:+$&+!5('$8(*%!
/*()#(*!B1)-#$#$(%!,2!#(&+-,',/0!.(#)'%!$-!,1#=1#!2*)&#$,-%!2,*!%1A%(B1(-#!*(&,8(*0>!!
!
?+(!*(.,8)'!,2!%,'5(*!)-5!&,.=,-(-#%!2*,.!GX]%!1%$-/!+05*,.(#)''1*/0!,*!#+(*.)'!5(%,'5(*$-/!&)-!
.$-$.$%(!#+(!-((5!2,*!%+*(55$-/!)-5!%$/-$2$&)-#'0!*(51&(!?@!',%%(%>!^#+(*!)==*,)&+(%!#,!*(.,8(!
=,'0.(*$&!&,.=,-(-#%!2*,.!;<<<!&,.=,-(-#%!%1&+!)%!%1=(*&*$#$&)'!:)#(*!#*()#.(-#6!,*!=0*,'0%$%!
.)0!)'%,!(-)A'(!)&&(%%!#,!&,-#)$-(5!#(&+-,',/0!.(#)'%!2,*!*(&,8(*0!:$#+,1#!$-&1**$-/!#+(!5$%%$=)#$8(!
',%%(%!,A%(*8(5!$-!%+*(55$-/>!"2!%+*(55$-/!$%!1-)8,$5)A'(6!1%$-/!&,)*%(*!/*$-5$-/!:$#+!2((5%#,&9D
)==*,=*$)#(!&,-#*,'!,2!*,#,*!%=((5!:$''!'$.$#!#(&+-,',/0!.(#)'!5$%%$=)#$,-!$-!#+(!%+*(55$-/!=*,&(%%>!
!

9.2! TM Recovery and extraction technologies 
!
K()&+$-/!,2!#(&+-,',/0!.(#)'%!2*,.!=*(D=*,&(%%$-/!,1#=1#%!1%$-/!+05*,.(#)''1*/$&)'!.(#+,5%!
2,'',:(5!A0!('(&#*,:$--$-/!$%!&,-%$5(*(5!#+(!.,%#!=*,.$%$-/!.(#+,5!2,*!+$/+!*(&,8(*0!*)#(%!,2!
.)#(*$)'%>!<'(&#*,'0#$&!*(2$-(.(-#!+)%!)!+$/+!?JK!)-5!$%!)'*()50!:$5('0!)5,=#(5!$-!*(&0&'$-/>!
G*,=*$(#)*0!%0%#(.%!2,*!+05*,.(#)''1*/$&)'!*(&,8(*0!,2!=*(&$,1%!.(#)'%!2*,.!GX]%!)*(!)'*()50!
)8)$')A'(6!)-5!$-!,=(*)#$,-!)*,1-5!#+(!:,*'5>!<H).='(%!$-&'15(!#+(!%0%#(.%!,2!<@F46!@$-#!
"--,8)#$,-6!)-5!<-8$*,'()&+!:+$&+!+)8(!2,&1%(5!*(&,8(*0!,-!G@%6!G7@%6!#$-!)-5!&,==(*!A1#!:$#+!
21*#+(*!5(8(',=.(-#!&,1'5!)'%,!*(&,8(*!)!:$5(!*)-/(!,2!?@%>!F5,=#$,-!,2!%1&+!#(&+-,',/0!2,*!
=*,&(%%$-/!GX]%!$-!#+(!34!:,1'5!(-)A'(!5,.(%#$&!*(&,8(*06!)'',:$-/!#+(!=*(D=*,&(%%$-/!,1#=1#%!)-5!
#+($*!&,-#)$-(5!#(&+-,',/0!.(#)'%!#,!A(!*(#)$-(5!:$#+$-!#+(!34>!?+(!%.)''!%&)'(!,2!#+(%(!=')-#%6!
&,.=)*(5!#,!')*/(!=0*,.(#)''1*/$&)'!2)&$'$#$(%6!)-5!*(')#$8('0!',:!&,%#!.)9(!#+(.!%1$#)A'(!2,*!*(/$,-)'!
*(&,8(*0!+1A%!$-!#+(!346!=,#(-#$)''0!%$/+#(5!&',%(!#,!$-51%#*0!#+)#!&)-!.)9(!1%(!,2!*(&,8(*(5!
.)#(*$)'%>!
!

9.2.1! Hydrometallurgical recovery system – TM recovery from PCBs  
T$/1*(!QM!%+,:%!)!2',:!&+)*#!,2!)!=,#(-#$)'!+05*,.(#)''1*/$&)'!*(&,8(*0!%0%#(.!2,*!#*()#$-/!GX]%6!
:+$&+!.)9(%!1%(!,2!)&$5%!,*!",-$&!K$B1$5!#(&+-,',/$(%!)8)$')A'(!#,5)0>!]0!:)0!,2!(H).='(6!#+$%!:,1'5!
$-8,'8(!#+(!2,'',:$-/!=*,&(%%!%#(=%_!!
!

C>! J(.,8(!)-0!)##)&+(5!%&*((-6!2,'',:(5!A0!*(.,8)'!,2!')*/(!)'1.$-$1.6!2(**,1%!,*!
&,==(*!=)*#%6!%1&+!)%!+()#!%$-9%6!A*)&9(#%!)-5!#*)-%2,*.(*%6!2,*!%(=)*)#(!#*()#.(-#V!

Q>! J(.,8)'!,2!(5/(!&,--(&#,*%!2,*!#*()#.(-#!8$)!5$/(%#$,-!,2!/,'56!1%$-/!)&$5%!,*!"K%6!
2,'',:(5!A0!*(&,8(*0!2*,.!%,'1#$,-!A0!=*(&$=$#)#$,-V!

U>! ?+(!%,'5(*!&)-!#+(-!A(!*(.,8(5!2*,.!#+(!GX]6!*('()%$-/!#+(!&,.=,-(-#%!#+*,1/+!
&+(.$&)'!5$/(%#$,-!:$#+!)&$5%!,*!"K%6!,*!A0!#+(*.)'!#*()#.(-#!#,!.('#!#+(!%,'5(*>!
?+(%(!&)-!#+(-!A(!%+)9(-!,*!%&*)=(5!2*,.!#+(!GX]!2,*!%,*#$-/!)-5!*(&,8(*0V!

M>! T,'',:$-/!5$/(%#$,-!I5$%%,'8$-/!,2!#+(!.(#)'%N!%$'8(*!)-5!#$-!$-!%,'1#$,-!&)-!A(!
&,-&(-#*(5!$-!#+(!)&$5!1%$-/!5$)'0%$%!)-5!=*(&$=$#)#(56!(-)A'$-/!#+(!*(%#!,2!#+(!)&$5!#,!
A(!*(&0&'(5!$-!#+(!%0%#(.V!

R>! `(=,=1')#(5!GX]%!)*(!%(-#!2,*!&,==(*!)-5!-$&9('!*(&,8(*0V!)-5!
E>! ?+(!"X%!)-5!,#+(*!&,.=,-(-#%!&)-!#+(-!A(!#*()#(5!2,*!#(&+-,',/0!.(#)'!*(&,8(*06!

=,#(-#$)''0!$-!&,.=,-(-#!%=(&$2$&!=*,&(%%(%!:+$&+!#)*/(#!)''!&,-#)$-(5!#(&+-,',/0!
.(#)'%>!

!
!
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Figure 27: The ‘Grade-Recovery Function’ which results in losses of target precious metals and other trace 
elements as larger bulk fractions are removed from shredded WEEE in automated pre-processing, (Hagelüken, 

2006). 

 

 
The choice of process is largely determined by the recoverable material value of items. Low value 
WEEE with low precious metal content (e.g., toasters, hair dryers etc.), is recycled with automated 
processes, and items with high inherent value (e.g., PCs) are processed manually. 
 
If the grade of a PCB is sufficiently high (i.e., above the cut-off grade) it will generally undergo 
recovery in pyrometallurgical smelting processes to recover Cu bullion, rich in PMs and PGMs, which 
are subsequently refined electrolytically. There are economic and thermodynamic limitations to viable 
recovery of other TMs in this process. The way in which metals partition between the liquid copper 
and slag phases during smelting is important in determining recovery potential (Reck and Graedel, 
2012). Metals which do not dissolve in liquid copper partition into slag, from which their recovery is 
uneconomical. These include Co, Ga, Ge, Y, Ta and W.  (Wan et al., 2018; Sukhomlinov et al., 2019; 
Klemettinen L, Avarmaa K, 2017).  The qualitative cost function in WEEE recycling interface 
optimisation is shown in Figure 28. 
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11.2.9! Bioleaching 
Bioleaching is a way of recovering TMs from WEEE using bacteria and fungi, mainly from three 
different groups: chemolithotrophic prokaryotes, heterotrophic bacteria and fungi. Research on the 
biotechnical recovery of technology metals has been mostly based upon recovery from solution.  
Biotechnology is an established route for extraction of Au, Ag, As, Co, Cu, Mn, Mo, Ni, U, V, and W, 
Zn from primary ores (Morin et al., 2006). They will not work in strong acid solutions so are not 
suitable for most of the initial extraction, due to the low pH, but are suitable for dilute waste streams 
such as effluent and have been used in extraction of technology metals from WEEE dust created 
during automated pre-processing. This represents a potential route to recapture some of the 
technology metals dissipated during comminution, although biological methods tend to be slower 
than hydrometallurgy or ILs unless they are agitated or stirred. Reports show only 20% of REEs were 
recovered after 24 hours (Morin et al., 2006). 

In the UK, N2S are working in partnership with Coventry University to develop a novel biorefining 
system for metals from WEEE which is hoped will avoid the impacts of large logistics links to 
refineries, avoid losses of target materials which currently occur in recycling chains, and mitigate 
potential environmental impacts of recovery processes (N2S Ltd, 2020). Rather than using traditional 
lixiviants for precious metals, they are developing systems in which micro-organisms will extract 
precious metals from waste PCBs, enabling subsequent recovery from solution. 

One issue is that Cu is a dominant part of the material composition of PCBs and other types of WEEE. 
It competes with the other metals i.e., Au and Ag, for bio recovery of precious metals, due to 
preferential complexation and leaching, meaning that it will leach Cu first before the other metals 
(Morin et al., 2006). Therefore, it is often required that base metals are leached out of materials prior 
to more selective extraction with microbes.  

The table below (Table 20) gives further information on the different technologies used for the 
recovery of TMs from WEEE using biotechnical methods. Bioleaching avoids the use of strong mineral 
acids by utilising the natural activity of microorganisms to leach metals. WEEE materials are exposed 
to microorganisms in solution that produce organics acids which digest and extract metals into 
solution for subsequent recovery. As microorganisms generate organic acids in situ, the requirement 
to purchase strong inorganic acids is avoided, saving environmental impacts and disposal costs. This 
lends itself well to recovery of traces of technology metals from WEEE-derived materials. Bioleaching 
also tends to be slower than digestion with traditional acid leaching systems or ILs, although again, 
this can be countered to some extent with appropriate agitation or stirring of the system. 

Potential exists to develop strains to target specific metals and therefore perform selective leaching 
thus minimizing further treatment technologies and further reducing pollution, and recovery of metals 
from PCBs has been proven. The removal of the metallic components via bioleaching will then leave 
the non-metallic fraction for processing with relatively low contamination (vs traditional 
hydrometallurgy). Room temperature extraction is possible and as the process replicates natural 
biogeochemical processes, with no additional chemicals, it will have a lower environmental impact, 
compared to other extraction methods. Due to the slow leaching of TMs, it may only be suitable for 
extraction of these materials from extraction dust etc. 

Examples of a range of bioleaching methods, as well as their merits and drawbacks for recovering 
TMs, are given below (Table 20). 
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Figure 41: Accurec GmbH LIB recycling process (Georgi-Maschler et al., 2012a; Meshram, Pandey and 
Mankhand, 2014a). 
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Figure 47: Flowsheet for the LithoRec battery recycling process (Rothermel et al., 2016). 
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Figure 48: Schematic diagram of supercritical CO2 extraction apparatus (Liu et al., 2014a). 
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